Abstract Accelerated atherosclerosis remains a major cause of death in late systemic lupus erythematosus (SLE). Omega-3 has been reported to have benefit for endothelial dysfunction, one of the earliest stages of atherosclerosis, and to reduce disease activity in SLE. We performed a randomized, double-blind placebo-controlled trial to examine the effect of Omega-3 on endothelial function, disease activity, inflammatory markers and lipids in SLE. SLE patients (n = 85, mean age 47, 55 % Caucasian, 38 % African-American, 94 % female) were randomly assigned to 3 g of Omega-3 (Lovaza, GSK) versus placebo for 12 weeks. Endothelial function was measured at baseline and at 12 weeks using flow-mediated dilation, calculated using high-resolution B-mode ultrasound of the brachial artery diameter in response to vasoactive stimuli (hyperemia). Disease activity was measured using the physician global assessment and SELENA-SLEDAI score. Inflammatory markers (sICAM-1, sVCAM-1, IL-6) and fasting lipid profile were done at baseline and 12-week follow-up. There was no difference between the treatment groups with respect to changes in flow-mediated dilation parameters or disease activity. An average increase in LDL cholesterol of 3.11 mg/dL (±21.99) was found with Omega-3 versus a decrease of 1.87 mg/dL (±18.29) with placebo (p = 0.0266). In this trial, Omega-3 did not improve endothelial function, disease activity, nor reduce inflammatory markers in SLE. Longer trials might be required if there are delayed clinical effects. There was evidence that Omega-3 may increase LDL cholesterol, but not the LDL/HDL ratio.
Introduction
Omega-3-fatty acids are polyunsaturated fatty acids which include eicosapentaenoic acid, docosahexaenoic acid and alpha-linolenic acid. Eicosapentaenoic acid and docosahexaenoic acid are present in fatty fish, while alpha-linolenic acid is found in vegetable oils. Omega-3 fatty acids have become one of the most popular over the counter supplements. In the 2000-2002 Minnesota Heart Survey, Omega-3 was established as one of the most common nonprescription medications for perceived cardiovascular health [1] . Potential health benefits have been reported in cancer [2, 3] , cognitive function [4] , depression [5] , immune and inflammatory processes [6, 7] , and the cardiovascular system (dyslipidemia and cardiac function [8] [9] [10] . Early ecological studies of the Greenland Inuit Tribe and Okinawa Islanders of Japan attributed their low risk of coronary artery disease morbidity and mortality to their fatty fish diet [11, 12] .
Though survival in systemic lupus erythematosus (SLE) patients has improved over the last decades [13] [14] [15] , cardiovascular disease remains a major cause of death [16, 17] . Urowitz et al. [18] found that SLE had a bimodal mortality pattern, with later deaths attributed largely to atherosclerotic cardiovascular disease. Cardiovascular disease morbidity and mortality in SLE is greatly increased compared to the general population. Manzi et al. [19] reported a 50-fold increase in the risk of myocardial infarction among premenopausal SLE women compared to controls, a Canadian study reported a fivefold increased risk of coronary artery disease in SLE [20] , and recently, the Nurses' Health Study, a prospective cohort study, showed a greater than twofold increased risk of cardiovascular disease among participants with SLE [21] .
Jolly et al. [22] showed that a fish oil-supplemented diet, in combination with a 40 % food restriction, had an impact on extending the life span in lupus-prone (NZB 9 NZW) F1 mice, partly by delaying disease-associated immune dysregulation. Fernandes et al. [23] reported that daily dietary Omega-3 fatty acid supplementation reduced the chance of cardiovascular disease and delayed the onset of autoimmune disorders in mice.
Possible therapeutic effects of Omega-3 fatty acids in human SLE have been explored. A double-blind, doubleplacebo-controlled factorial trial performed in 52 SLE patients in Northern Ireland over 24 weeks reported a significant decline in disease activity in the fish oil treatment group. The patients were randomized to one of the 4 treatment groups: fish oil and copper, fish oil and placebo copper, copper and placebo fish oil or placebo fish oil and placebo copper. Disease activity was then measured serially by the revised systematic lupus activity measure (SLAM-R) [24] . A significant decline in the SLAM-R score from 6.12 to 4.69 was reported in the patients taking fish oil compared to placebo [25] . In a second study, Wright et al. conducted a 24-week randomized doubleblind placebo-controlled parallel trial of the effect of 3 g of Omega-3-polyunsaturated fatty acids in 60 SLE patients. Disease activity was recorded using the revised SLAM-R and the British Isles Lupus Assessment Group (BILAG) measure at baseline, 12 and 24 weeks [24, 26] . They also measured endothelial function using flow-mediated dilation (FMD) of the brachial artery and oxidative stress using platelet 8-isoprostanes at baseline, 12 and 24 weeks. They reported a significant improvement in SLAM-R (from 9.4 to 6.3, p \ 0.001), in BILAG (from 13.6 to 6.7, p \ 0.001), in FMD (from 3.0 to 8.9 %, p \ 0.001) and in platelet 8-isoprostanes (from 177 to 90 pg/mg, p = 0.007). Wright et al. [27] concluded that low-dose dietary supplementation with fish oil in SLE had therapeutic benefit on disease activity, endothelial function and oxidative stress and might have cardiovascular benefits.
A randomized, double-blind, placebo-controlled 3 months clinical trial of Omega-3-polyunsaturated fatty acids in SLE patients drawn from the Hopkins Lupus Cohort was performed, using the only FDA-approved formulation, Omega-3-acid ethyl esters, Lovaza (GlaxoSmithKline, St. Petersburg, FL). We investigated the effects of Omega-3-fatty acids on endothelial function, disease activity, lipids and inflammatory markers.
Patients and methods

Study participants
This randomized, double-blind, placebo-controlled clinical trial of Omega-3-polyunsaturated fatty acids was conducted in SLE patients drawn from the Hopkins Lupus Cohort. The study was approved by the Johns Hopkins University School of Medicine Institutional Review Board. All patients gave informed consent (clinical trial: NCT00828178). All patients met the revised American College of Rheumatology (ACR) classification criteria for SLE [28, 29] . Eligibility for the study was determined at screening. Exclusion criteria for the study included the following: pregnancy, pregnancy plans or nursing; warfarin or heparin use; increased liver enzymes (AST or ALT) more than two times the upper limit of normal; allergy to fish, fish oil or any Omega-3 product; Omega-3 use within the previous 6 months; and established coronary artery disease. Patients recruited into the trial continued to take their regular SLE medications. No patients were taking statins. A total of 106 patients were consented for the trial, 87 patients were randomized, and 85 had both their first and 12-week visit (Fig. 1) .
Study design
A 12-week randomized, double-blind, placebo-controlled clinical trial of Omega-3-polyunsaturated fatty acids was conducted. Participants were seen at baseline and at week 12. Participants were also called at week 6 to ask about compliance and any adverse events. Randomization occurred via the Hopkins Investigational Drug Pharmacy. Patients were randomized in a 1:1 ratio to receive either 3 g of Omega-3 (1.8 g eicosapentaenoic acid, 1.2 g docosahexaenoic acid ethyl esters) or placebo (corn starch). They were all instructed not to take any other Omega-3 products or any supplements that contained Omega-3 fatty acids.
Variables measured at each visit included: disease activity measured using the physician's global assessment (PGA) and the SELENA Systemic Lupus Erythematosus Disease Activity Index (SELENA-SLEDAI) [30] ; fasting lipid profile; standard laboratory tests to assess SLE (white blood count, platelet count, creatinine, urinalysis, urine protein/creatinine ratio, anti-dsDNA, anticardiolipin, complement C3 and C4 levels); inflammatory markers (IL-6, sICAM-1, sVCAM-1); and FMD.
Flow-mediated dilation
Endothelial function was measured by brachial artery vasoactivity testing using high-resolution B-mode ultrasound to image and measure brachial artery diameter in response to hyperemia-induced vasoactive stimuli [31] [32] [33] .
All participants were instructed to fast for 8-12 h before the procedure. They were also told to avoid vasoactive factors including exercise, caffeine, smoking, high-fat foods and nitrate-based medications on the morning of the procedure.
A blood pressure cuff was inflated on the upper arm for 5 min. B-mode images of the brachial artery and flow upon release of the cuff were then recorded for up to 2-min postcuff release. The brachial ultrasounds were all performed in the Johns Hopkins Hospital Noninvasive Cardiovascular Ultrasound Research Lab in the Cardiology Division, under the direction of Corretti [31, 32] . Results obtained from the imaging were used in calculating % FMD by incorporating them into the equation below:
Outcome variables
The primary outcome was the effect on brachial artery flow dilation measured at 30, 60 and 90 s. Secondary outcome variables were as follows: disease activity and markers of inflammation such as IL-6, I-CAM1, V-CAM1 and fasting lipid profile.
Statistical analysis
Statistical analysis system (SAS) software was used (SAS Institute Inc. Cary, North Carolina, SAS 9.2). Baseline demographic and clinical characteristics were summarized using appropriate descriptive statistics and compared across treatment groups using Chi-square. Two-sample t tests were used in the statistical analysis of the FMD outcomes. ANCOVA was used to compare the groups with respect to changes in clinical variables adjusting for baseline values.
Results
Two participants, out of the 87 randomized, did not complete the trial. One of them used an over the counter Omega-3 supplement, and the other failed to come for her follow-up FMD measurement. There were a total of 6 adverse events in the trial. In the Omega-3 treatment group, one patient had palpitations, a second patient had hives, a third patient had diarrhea, and another had abdominal pain due to pancreatitis. In the placebo treatment group, one patient had a hip fracture and a second patient had a lupus flare. None of the adverse events was attributed to Omega-3, and no patient withdrew from the trial due to an adverse event.
Baseline demographics and clinical characteristics
The 85 SLE patients who completed the study had a mean age of 47.2 years and were 55 % Caucasian, 38 % AfricanAmerican and 94 % female. Cumulative ACR revised classification were as follows: malar rash 52.9 %, discoid rash 15.3 %, photosensitivity 60 %, oral ulcers 51.8 %, arthritis 80 %, serositis 41.2 %, renal disorder 23.5 %, neurologic disorder 7.1 %, hematologic disorder 71.8 %, immunologic disorder 76.5 % and ANA positivity 98.8 % (Table 1) . Baseline demographic characteristics of participants by treatment groups were not statistically different ( Table 2) . Most of the patients had low disease activity. There was no significant difference in the brachial artery diameter (cm) results before treatment between the Omega-3 treatment group and the placebo group (Table 3) . The mean brachial artery diameter at baseline was 0.32 cm (±0.06) in the Omega-3 group and 0.33 cm (±0.06) in the placebo group; p = 0.52. There was no significant difference in the FMD between the 2 groups at baseline (Table 3) .
Post-treatment results
Flow-mediated dilation results
Analysis of the brachial artery diameter results comparing the two treatment groups using a two-sample t test found Table 2 Baseline characteristics, by treatment group
Age in years (mean ± SD) 48.9 ± 10. There was also no significant difference in the FMD percent change between the two groups at 30, 60 and 90 s post-cuff deflation (Table 3) .
Inflammatory markers
Statistical analysis of the inflammatory markers (IL-6, sICAM-1 and sVCAM-1), comparing the 2 treatment groups before and after treatment, showed no significant differences (Table 4) . However, while sVCAM-1 declined in the Omega-3 group, it increased slightly in the placebo group (p = 0.092).
Disease activity
Those in the Omega-3 group had an average decline in SELENA-SLEDAI of 0.17 points, while those in the placebo group had an average increase in SELENA-SLEDAI of 0.51 points (p = 0.11). The 95 % CI for the difference between the groups with respect to mean change in SE-LENA-SLEDAI ranged from -1.5 (i.e., mean SELENA-SLEDAI declined 1.5 points greater in the Omega-3 group) to 0.2 (i.e., mean SELENA-SLEDAI increased 0.2 points greater in the placebo group). There was no statistical difference between the groups in either change in SELE-NA-SLEDAI or change in PGA (Table 4) .
Fasting lipid profile
Analysis of the changes in fasting lipid profile comparing the two treatment groups found statistically significant results. An average increase in LDL cholesterol of 3.11 mg/dL (±21.99) was experienced in the Omega-3 treatment group, compared to an average decrease in LDL cholesterol of 1.87 mg/dL (±18.29) in the placebo group (p = 0.0266), based on an ANCOVA model. The ANCOVA analysis also showed a statistically significant average increase in total cholesterol in the Omega-3 treatment group compared to the placebo treatment group (Table 4) . The LDL/HDL ratio was not statistically different between the groups.
Discussion
Studies have shown that brachial endothelium function is impaired in SLE patients compared to matched healthy controls [34, 35] . Mak et al. [36] found significantly lower endothelium-dependent FMD in 580 SLE patients compared to 381 matched controls (p \ 0.001), but there was no difference in endothelium-independent FMD between the groups. Our clinical trial used endothelium-dependent FMD as our primary outcome. We picked Omega-3 as the intervention, because of the trial done by Wright et al. that found it improved endothelium-dependent dilation in SLE.
In this trial, we did not find strong evidence that Omega-3 improved endothelial function, reduced disease activity, nor reduced inflammatory markers in SLE. The greater decline in sVCAM-1 and disease activity in the Omega-3 group did not reach statistical significance. Given the size of our confidence intervals around differences between the groups, our data cannot completely rule out the possibility of a mild effect of Omega-3 on these outcomes. Because we were limited to suing the FDA-approved formulation of Omega-3 (Lovaza), we cannot rule out the possibility that other doses or other formulations might have an effect on endothelial function [37] . Furthermore, a short trial cannot assess actual cardiovascular outcomes. However, recently, Rizos et al. [38] published a meta-analysis of Omega-3 trials in the general population and concluded that it had no benefit on cardiovascular outcomes. Our results differ from the finding of Wright et al. who reported a significant improvement in SLAM-R (from 9.4 (SD 3.0) to 6.3 (2.5), p \ 0.001); in BILAG (from 13.6 (6.0) to 6.7 (3.8), p \ 0.001); and in FMD (from 3.0 % (-0.5 to 8.2) to 8.9 % (1.3-16.9), p \ 0.001) in the Omega-3 group at 24 weeks. We cannot explain the conflicting results by the differing treatment lengths, as they also measured disease activity and FMD at their 12-week follow-up, and still found significant reductions in SLAM-R (p = 0.009) and BILAG (p = 0.001), and improved FMD at the 12-week follow-up visit (p = 0.002) [32] .
The statistical comparison done by Wright et al. was a within-group ''before and after'' analysis of the treatment groups separately. In contrast, we performed a more stringent analysis, comparing changes in outcome measures between the two treatment groups. We failed to find any difference with either a before-after comparison or even when the treatment groups were directly compared (Table 4 ). We measured disease activity using the SELENA-SLEDAI and PGA, compared to the SLAM-R and BILAG used by Wright et al. BILAG requires monthly visits (our trial was baseline and 3 months). We think it unlikely that the BILAG instrument would record the improvement missed by both the PGA and the SELENA-SLEDAI. SLAM-R includes several variables (headache, myalgia, erythrocyte sedimentation rate) not related to clinical SLE activity. The strength of our trial was that all disease activity measures were completed by one investigator.
In this randomized, double-blind, placebo-controlled clinical trial of Omega-3 polyunsaturated fatty acids in the Hopkins Lupus Cohort, there was evidence that Omega-3 may increase total cholesterol and LDL cholesterol. The LDL/HDL ratio was not significantly different. The increase in LDL cholesterol has been documented in multiple studies [39, 40] . This is a clinically important finding, because of the known detrimental role that LDL cholesterol plays in cardiovascular disease. In a recent study, cholesterol was associated with the progression of coronary artery calcium in SLE over just 2 years [41] . Cardiovascular disease prevalence is increased in SLE patients and is also a leading cause of mortality in SLE [18] [19] [20] [21] . This trial found that Omega-3 supplementation leads to an increase in LDL cholesterol in SLE, which could further worsen the already increased risk of cardiovascular disease in SLE. In fact, the FDA has now modified the Omega-3 label to include a warning that Omega-3 may increase the levels of LDL cholesterol [42] . In a pooled analysis from two randomized, placebo-controlled, doubleblind, parallel-group studies of 84 adult patients (42 on Omega-3, 42 on placebo), a 44.5 % increase in LDL [43] [44] [45] . Because small, dense LDL particles are associated with coronary artery disease [46] , the impact of the increase in LDL cholesterol with Omega-3 is not yet completely understood. We were not able to measure other lipids of interest in SLE, such as pro-inflammatory HDL [47] . Simopoulos reported the importance of a low Omega-6-to-Omega-3 fatty acids ratio in reducing cardiovascular diseases and other chronic diseases [48] . Omega-6 fatty acids have been shown to inhibit the incorporation of eicosapentaenoic acid in humans [49] . A limitation in our study is that we did not take diet histories, so we were not able to calculate the Omega-6-to-Omega-3 ratio. We are unable to comment on whether excessive intake of dietary Omega-6-rich foods might have affected the incorporation of Omega-3 into the cell membranes.
If there are delayed beneficial clinical effects, longer trials might be required to further investigate the effect of Omega-3 on disease activity in SLE. However, the earlier but smaller trial by Wright et al. did find benefit at 12 weeks. The evidence of significantly increased LDL cholesterol in the Omega-3 treatment group in this clinical trial, however, is a potential cause of reluctance for longer trials. Patients in our study tended to have low disease activity, so we cannot rule out a potential effect in a higher disease activity subset. However, atherosclerosis in SLE is not just associated with high disease activity. Roman et al. [50] found that accelerated atherosclerosis in SLE was not more common in those on prednisone or cyclophosphamide. An earlier study in the Hopkins Lupus Cohort found that SLE patients that did not require highdose steroids (stable low disease activity SLE patients) were still at the highest risk for coronary artery disease [51] . We are left with the frustrating result of no proven effective preventive therapy for accelerated atherosclerosis in SLE.
